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INTRODUCTION

In moderngas turbine designs, single crystal turbine blades are typically used in place of
directionally solidified and equiaxed parts. The introduction of single crystal blades into these
engine designs allows the engines to operate at a higher temperature, improving their overall
efficiency. In addition, the lack of grain boundaries in these parts also improves their creep
resistance and thermal fatigue behavior [1, 2]. The main drawback of implementing this
technology is the replacement cost of cracked or damaged blades. As aresult, it is of great
interest to develop new techniques to repair single crystal parts.

In the past epitaxial laser metal forming (E-LMF) has been investigated as arepair vehicle of
cracks that occur in the platform of the turbine blade [3,4]. In this process alaser isfocused on
the surface of a part to be repaired and stream of metallic powder is then injected into the focal
point of the laser. The laser then traverses the repair region forming a deposit whose shapeis
characteristic of the raster pattern.

Microstructural processing maps, which describe the transition between a columnar grain
structure to equiaxed grains have aso been developed for the E-LMF process [4]. In these maps
the microstructure developed is described by

" __ 1[N, 1
v 3in[1- f1h +1} )

in which G isthe thermal gradient, V isthe solidification velocity, N, isthe number of
nucleation sites, f isthe volume fraction of equiaxed grainsand a and h are material dependant
parameters. According to Hunt [5] when the volume fraction of equiaxed grainsf > 0.49 afully
equiaxed grain microstructure will occur and when f < 0.0066 a fully columnar microstructure
occurs. Using f =0.0066 as an upper bound for a columnar mi crostructure to developin

Equation 1, a bounding expression for the development of a columnar microstructure can be
derived

h
GV>K )

in which K isamaterial dependant constant.

A completely analogous commercia process with a different trademark acronym is the laser
engineered net shaping (LENSA) process. Because the LENS& technique is analogous to E-
LMF, it should also obey Equation 2. For this reason, afeasibility study was conducted to
determine whether the parameters for the repair of RENE N5 single crystal turbine blades using
LENS& could be determined by trial and error in conjunction with Equation 2. In addition, the
affects of surface preparation, surface geometry and crystallographic orientation on the deposit
formed were also examined.



EXPERIMENTAL PROCEDURES

1.1  Material

The depositions were performed on Rene N5 single crystal turbine blades using 45 t0150 mm
particle size Rene N5 powder purchased from Nuclear Metals Inc. Depositions were conducted
on the main surface as well as the dovetail platform of the directionally solidified single crystal
turbine blades. The dovetail platforms, Figure 1, were revealed by the removal of the main blade
using an electronic discharge machine (EDM).

(0)

Figure 1. Single Crystal Blade Platform and Initial Feasibility Specimen 190-0: (@) [100] and (b)
[001] Perspective



1.2 Experimental Procedure

The depositions were performed on an Optomec LENSa 750 system with a 1000W Lumonics
Nd: YAG laser focused to a spot size of 0.5mm. The system specific control parameters used in
thiswork are givenin Table 1. Three differently prepared main surfaces were used as deposition
substrates. an as EDM surface, an EDM surface ground up to an 800-grit finish, and an EDM
surface polished to a 1 mm diamond finish. The turbine blade surface depositions were performed
after the surface had been ground to an 800-grit finish. All depositions were configured in either
a5-mm by 5-mm square pattern or a single 5-mmtline pattern. For square deposits, when several
layers were to be successively laid down on top of one another, a crosshatch pattern, which
involved the rotation of the specimen by 60 degrees between successive depositions, was
sometimes performed.

Table 1. System Specific Deposition Parameters Used in Initial Feasibility Study

Deposition Parameters
Laser Power (P*) 35A, 280W
Hatch Space 0.15"
Layer Thickness (H*) .01
Contours 1
Beam Offset 0
Acceleration 60000
Laser on Feed Rate (V*) 25" /min.
Powder Feed 3.95V
Mass Flow Argon 3.33
Oxygen (ppm) 5
Hatch Angle 60°
Hatch Shrink 0.006
Contour Offset 0
Shutter Delay 20 ms
Deceleration 600000
Laser Off Feed Rate 60" /min.
Rpm 6.0
Center Purge 40

All specimens were prepared for electron-back-scatter-diffraction (EBSD) analysis using
standard metall ographic techniques. The EBSD measurements were performed using aLeica
Cambridge Stereoscan 360 FE scanning electron microscope (SEM) with a Noran V oyager
EBSD data-collection system and Tex Sem Laboratory (TSL) version 2.6 orientation imaging
microscopy (OIM) software. The x-ray radiographic images were collected using a Phillips 160
operated at a power of 160 kV and 10 mA with an exposure time between 2 and 5 mi nutes.



RESULTS

The results compiled in this report represent an amalgamation of several trials where deposition
parameters were selected on the basis of the results of a previous trial. For this reason the results
in this report will be laid out in several sections that represent the chronological order in which
they were performed.

1.3 Initial Feasibility Study

Specimen 190-0 was a preliminary specimen that was used to establish whether an expanded set
of depositions of Ni onto the dovetails of jet engine turbine blades was warranted. A total of
sixteen layers were laid down using the parameters shown in Table 1 into an unprepared surface
that had the turbine blade region removed (Figure 1) using EDM. Micrographs of the resultant
deposit were taken after sectioning to examine itsinterior.

Examination of the interior of the specimen [Figure 2(a)] revealed that alarge crack had
developed in the deposit. Out of atotal of sixteen layers, the crack extended from the top surface
to the middle region of the third layer. In addition, several swirling patterns can be seen within a
layer, which were attributed to the partial re-melting of the microstructure during deposition of
subsequent layers at different crosshatch angles.

Higher magnification photographs of the deposit showed that in regions where a crack had
appeared [Figure 2(b)], the columnar layering was interrupted by a more globular type of
equiaxed grain structure just prior to the formation of a crack. Based upon Equation 2, the

cracking phenomenon appeared to have occurred immediately after to the transition of (\3/_h from

a columnar growth regime to an equiaxed growth regime. As aresult, it would then appear that,

for Rene N5, the onset of cracking isalso linked to acritical volume fraction of f = 0.0066 being
formed during deposition.

Further along the crack towards the top surface, a series of columnar colony microstructures
were observed along the fault line, Figure 2(c), and Figure 2(d). The orientation of the columnar
grains contained within these colonies, varied their orientation on the two opposing crack
interfaces, which indicated that the crack was initiated and propagated during solidification.

In addition to the nucleation and growth of a critical volume fraction of equiaxed grains, other
mechanisms such as Grain Multiplication were also correlated to the formation of cracks, Figure
2(e). In this process, dendrite arms were re-melted and then separated from the main dendrite. If
the arm that is separated is then carried away in the dightly super-cooled liquid anew crystal is
formed without a new nucleation event.

At the interface between the substrate and deposit, Figure 2(f), a crack free 3 nm wide columnar
microstructure was formed. EBSD analysis of thisregion, Figure 3, indicated that the
crystallographic orientation of the deposit was the same as the substrate. More over the growth
direction of the dendrites observed was parallel to the [001] crystallographic direction in the



substrate, which is consistent with the known growth mechanism of dendrites in face-centered
cubic materials.

“Deposit -

Substrate

©
Figure 2. Preliminary Feasibility Specimen 190-0: (a) Crack in Deposit, (b) Changein
Microstructure Prior to Crack Initiation, (¢) Back-Scattered-Electron Image of Dendritic Colony
Microstructure Along Crack Fault Line, (d) Secondary-Electron-1lmage of Crack Fault Line, (€)
Grain Multiplication Prior to Crack Formation, and (f) Deposit Substrate Interface
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Figure 3. EBSD Analysis of Specimen 190-0 at the Deposit Substrate Interface: (a) Back-
Scattered-Electron Image, (b) Inverse Pole Figure Map, (¢) Pole Figures, and (d) Inverse Pole
Figures of Region Scanned

1.4 Parametric Variation of Deposition Parameters, P*, V*, and H*

Because the deposition parameters initialy selected, P+, V* and H*, were selected to optimize
the shape of the deposit, a second set of depositions, Table 2, were carried out where the affects
of surface finish and deposition parameters were evaluated. In order to conclusively prove that
the cracking phenomenon observed in specimen 190-0 had occurred during deposition and not
during the subsequent sample preparation, a subset of the specimens which represented the range
of parametric variations examined, Table 3, had photographs, Figure 4, and x-ray radiographic
images, Figure 5, taken prior to sectioning. Of the seven selected, large cracks were clearly
visible in the radiographs of six. All six cracks were also only visible in the [100] direction of the
single crystal substrate, which indicated a directional dependence in their formation. The origin



of this dependence may be attributed to the differences in the shape of the underlying substratein
the [100], and [010] directions, Figure 5.

Table 2. Range of Deposition Parameters Used in Initial Parametric Study

Specimen | Surface| Location| Power | Velocity | Deposition| Build Layers Cross
Prep. No. Type Height Hatched

1 p* V* 5x5mm H* Laser Glaze] Yes

EDM 2 pP* V* 5x5mm 1 Yes

+ 3 p* V* 5x 5 mm 2 Yes

5 Ground 4 p* V* 5x 5 mm 4 Yes
+ 5 p* V* 5x5mm 8 Yes

Polish 6 P* V* 5x 5mm 16 Yes

1 p* V* 5x5mm Laser Glaze] Yes

2 pP* V* 5x5mm H* 1 Yes

3 p* V* 5x 5 mm H* 2 Yes

EDM 4 p* V* 5x 5 mm H* 4 Yes

34 + 5 p* V* 5x 5mm H* 8 Yes
Ground 6 p* V* 5x5mm| H* 16 Yes

1 p* V* 5x5mm H* Laser Glaze] Yes

2 pP* V* 5x5mm H* 1 Yes

3 p* V* 5x 5 mm H* 2 Yes

4 p* V* 5x 5 mm H* 4 Yes

5 p* V* 5x5mm H* 8 Yes

68 EDM 6 p* V* 5x5mm H* 16 Yes
7 pP* V* 5x5mm H* 3 No
8 pP* V* 5x5mm H* 16 No

9 p* V* 5x 5 mm H*/2 16 Yes

0 p* V* 5x 5 mm H* 16 Yes

1 p* 1.25V* | 5x5mm H* 16 Yes

2 pP* 1.50v* 5x5mm H* 16 Yes

3 1.50P* V* 5x5mm H* 16 Yes
190 EDM 4 pP* V* 5-mm Line H* 1 No
5 p* V* 5-mm Line H* 4 No
6 p* V* 5-mm Line H* 16 No

Upon sectioning, specimen 190-3, which showed no evidence of cracking in the radiographic
photographs (Figure 5), revealed that a cluster of cracks had unfortunately formed in the central
region of the specimen, Figure 6(a). The orientation of the crack surface was also in the [100]
substrate direction, but these cracks did not extend to the upper layers of the deposit. At other
regions along the interface region, a crack free columnar structure was seen, Figure 6(b). Overall,
the severity of the cracking observed in specimen 190-3 was somewhat less that that of the
remaining specimens.



Table 3. Subset of Specimens Selected From Table 2 That Had X-Ray Radiographic Images

Taken Prior to Sectioning
Specimen Surface Prep. Location | Power | Velocity| Build Cross
No. Height Hatched

68 EDM 6 pP* V* H* Yes
68 EDM 8 P* \V/* H* No
68 EDM 9 pP* V* Yo H* Yes
190 EDM 1 pP* 1.25V* H* Yes
190 EDM 2 p* 15V H* Yes
190 EDM 3 1.5P* V* H* Yes

5 EDM + Ground + Polish 6 P* \V/* H* Yes

(0)

1 190-3

o«
(190-2

»

190-2

l——
190-1

190-1

)
Figure 4. Photographs of Deposits Prior to Sectioning of Specimens Indicated in Table 3: (a)
[100] Direction, and (b) [010] Direction
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Figure 5: X-ray Radiographic Images of Deposits Prior to Sectioning of Specimens Indicated in
Table 3 (Arrow Indicated Location of Crack): (a) [100] Direction, and (b) [010] Direction
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Figure 6. Back-Scattered-Electron Images of Specimen 190-3: (a) Crack at Deposit Substrate
Interface, and (b) Epitaxia Columnar Grain Growth Observed in Other Regions

Inspection of the overall shapes of these deposits, Figure 4, showed that the variation of the
deposition parameters could also have an adverse effect on the shape obtained. In particular,
specimen 68-8, where no cross hatch was employed, formed a deposit whose shape was by no
means uniform. A cusp in the deposit could be seen in both the radiographic image and
photograph of this specimen. Variation of the laser power, P*, and specimen translation velocity,
V* (specimens, 190-3, and 190-2 respectively), during deposition also affected the effective

10



build height and shape of the deposit formed even though the build height parameter H* selected,
was intended to remain the same.

Specimen 5-6 confirmed that the cracking phenomenon observed was not an artifact of
depositing onto the as EDM surface since it too had cracks visible even though its surface had
also been both ground and polished prior to deposition.

1.5 Control of the Thermal Gradient

Because cracking was observed in some of the deposits after several layers had been laid down
onto the substrate, it was decided that the key to inhibit cracking may be to control the

temperature of the substrate in some fashion so that the ratio G" would stay well above the
v

threshold for the formation of equiaxed grains and cracking. The simplest method to accomplish
thistask wasto allow a dwell time in between the deposition of layers, and/or to preheat the
substrate prior to deposition. A 400 °C substrate temperature was the maximum possible that
could be obtained with the apparatus and for this reason alone this temperature was chosen to
provide the maximum possible variation in the experiments performed, Table 4. All depositions
in Table 4 were performed on the remaining regions of unpolished as EDM sectioned surfaces
because surface preparation was determined to not affect the properties of the deposit.

Sectioning of the specimens revealed that once again all specimens had cracks in the deposit,
Figure 7. In general the cracking problem in these trials was much more severe than that
observed in the previous campaign. This was an unexpected result because the previous results
indicated that the range of values for P+, V* and H* used in the past trials could all produce
deposits that were crack free for several layers. In this present trial, the cracking was more
frequent and occurred in the interfacial region between the substrate and deposit. Asaresult, it is
unclear how to proceed in this parametric study, in light that it is suspected that there are stability
and reproducibility issues with the Optomec LENS& system.

Table 4. Deposition Parameters Selected in an Attempt to Maintain (SN k During the Entire
v

Deposition
Specimen | Location| Power | Velocity| Build | Heatedto| Delay Time
Height | 400 °C

34 7 pP* V* H* No 1 min/layer
34 8 pP* V* H* Yes None
34 9 pP* V* H* Yes 1 min/layer
34 10 1.5P* V* H* Yes None
34 11 1.5P* V* H* Yes 1 min/layer
5 7 1.5P* V* H* No 1 min/layer
5 8 P* 1.5v* H* No 1 min/layer
5 9 P* 1.5Vv* H* Yes None
5 10 P* 1.5Vv* H* Yes 1 min/layer
5 11 P* V* H*/2 Yes 1 min/layer

11
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Figure 7. Optical Photographs of Crack Formations Observed in Subset of Specimens from Table
4: (a) 57, (b) 58, (c) 5-0, and (d) 5-II

1.6 Depositions on a Turbine Blade Surface

The test matrix devised for the depositions onto the surface of an actua turbine blade are
presented in Table 5. Two additional effects were also studied in this campaign, the affect of
depositing onto a non- { 100} single crystal with either &; flat or curved surface, Figure 8(a). In
both cases the crystallographic orientation of the deposit in relation to the substrate were the
same, Figure 8(b) and Figure 8(c), which indicated that it was possible to deposit at |east one
layer epitaxially on an arbitrarily oriented single crystal surface. The general shape of the
deposits formed on the curved surface also indicated that some variation in the location of the
focal spot of the laser in relation to the surface does not adversely affect the shape or
crystallographic orientation of the deposit obtained and hence the repair of localized regions on a
blade surface would not require the exact curvature of the blade to be known and followed
during the repair.

12



Table 5. Deposition Parameters Used in Turbine Blade Surface Trials

Cross
Specimen Location Power | Velocity| Build | Hatched | Heated to| Delay Time
Height | (60 °) 400 °C

B-2 Flat Region p* V* H* Yes No 1 min/layer
B-6 Flat Region p* V* H* Yes Yes None
B-7 Flat Region pP* V* H* Yes Yes 1 min/layer
B-3 Flat Region 1.5P* V* H* Yes No 1 min/layer
B-8 Flat Region 1.5P* V* H* Yes Yes None
B-9 Flat Region 1.5P* V* H* Yes Yes 1 min/layer
B-4 Flat Region 1.5P* V* H* Yes No None
B-5 Flat Region p* V* H* Yes No None
B-10 Curved Region p* V* H* Yes No None
B-12 Curved Region pP* V* H* Yes Yes 1 min/layer
B-11 Curved Region p* V* H* Yes No 1 min/layer

The microstructure of the deposits in relation to the crystallographic orientation of the substrate,
Figure 9, indicated that the mechanism responsible for the epitaxial deposition onto non { 100}
oriented substratesis related to both the local temperature gradient and crystallographic
orientation of the substrate during solidification. During solidification it appeared that the
columnar grains forming oriented themselves in a fashion that best matches both a <100>
crystallographic direction in the substrate and the thermal gradient present during solidification.
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Figure 8. Deposition Trials on Main Surface of Turbine Blade: (a) Photograph of all Deposits
Listedin Table 5, EBSD Analysis of Specimen (b) B-10, and (c) B-7 at Deposit Substrate
Interface
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Figure 9. Orientation of Columnar Growth in Relation to [010] Direction of Turbine Blade: (a)
[010] Directionsin Specimen B-7 (b) Columnar Growth Direction in Specimen B-7, (c) [100]
Directionsin Specimen B-10, and (d) Columnar Growth in Direction in Specimen B-10
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CONCLUSION

Based upon the results obtained thus far in the project it would appear that the following
conclusions could be drawn for the processing parameters employed:

1

In order to produce a specific shaped deposit, cross-hatching of the layers by 60 degreesis
required.

The crystallographic orientation of the first few deposition layers is the same as that of the
substrate regardless of the crystallographic orientation of the surface or the surface
preparation procedures followed.

The orientation of the columnar grains at the substrate-deposit interface will orient
themselves in afashion that best matches the local temperature gradient and a <100>
crystallographic direction in the substrate.

Cracks are formed during solidification of the deposit.

The onset of cracking is linked to the onset of “Grain Multiplication” and an equiaxed
microstructure being formed.

The Optomec LENS& system used in these studies has some serious stability and
reproducibility issues that are not understood at the present time.

It appearsthat if the stability and reproducibility issues with the LENSa system can be
solved, this technology may be afeasible repair vehicle for single crystal turbine blades.
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LIST OF ACRONYMS
ACRONYM DESCRIPTION

AFRL/MLLM  Air Force Research Laboratory, Materials and Manufacturing Directorate

EBSD Electron-back-scatter-diffraction
EDM Electronic discharge machine
E-LMF Epitaxial laser metal forming
LENS™ Laser Engineered Net Shape
OIM Orientation imaging microscopy
SEM Scanning electron microscope
TSL Tem Sem Laboratory
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